Objective To understand the complex effects of interruption in healthcare. Materials and methods As interruptions have been well studied in other domains, the authors undertook a systematic review of experimental studies in psychology and humanecomputer interaction to identify the task types and variables influencing interruption effects. Results 63 studies were identified from 812 articles retrieved by systematic searches. On the basis of interruption profiles for generic tasks, it was found that clinical tasks can be distinguished into three broad types: procedural, problem-solving, and decision-making. Twelve experimental variables that influence interruption effects were identified. Of these, six are the most important, based on the number of studies and because of their centrality to interruption effects, including working memory load, interruption position, similarity, modality, handling strategies, and practice effect. The variables are explained by three main theoretical frameworks: the activation-based goal memory model, prospective memory, and multiple resource theory. Discussion This review provides a useful starting point for a more comprehensive examination of interruptions potentially leading to an improved understanding about the impact of this phenomenon on patient safety and task efficiency. The authors provide some recommendations to counter interruption effects. Conclusion The effects of interruption are the outcome of a complex set of variables and should not be considered as uniformly predictable or bad. The task types, variables, and theories should help us better to identify which clinical tasks and contexts are most susceptible and assist in the design of information systems and processes that are resilient to interruption.
INTRODUCTION
Interruptions seem inherent in the way work is undertaken in many clinical settings. 1 2 Numerous studies have characterized this phenomenon over the last decade, and have examined the extent to which healthcare workers are interrupted while undertaking routine tasks. Hospital doctors and nurses are interrupted anywhere from once every 2 h to 23 times every hour in emergency, intensive care, and surgery. 3 In certain types of clinical tasks, interruptions may pose a substantial risk to patient safety. 4 While there is solid evidence from psychology about the disruptive effects of interruption on human cognition, 5 6 few studies have quantified the effects on clinical tasks. In the emergency department, doctors failed to return to 19% of interrupted tasks. 7 Interruptions and distractions have been reported as a factor contributing up to 11% of medication-dispensing errors. 8 On hospital wards, interruption to nurses administering medications was associated with a 12% increase in procedural failure and a 13% increase in clinical error. 9 Interruptions also have a time cost. In one study, clinical staff in an emergency department spent 24% of their time dealing with interruptions. 10 Yet interruption is a complex phenomenon where multiple variables including characteristics of the primary task, interruption, and environment may influence patient safety and workflow outcomes. 11 As interruptions are not all bad, it is necessary to understand the specific circumstances under which they are likely to be harmful. 12 13 Recent reviews of the literature in healthcare have found that most studies were observational, describing the frequency, duration, and types of interruptions. 3 13 The reviews conclude that it is currently not possible to be certain about the causal links between interruptions and errors in healthcaredalthough more recent studies are now showing evidence of that causality. 7 9 As interruptions have been well studied in non-healthcare domains such as psychology and humanecomputer interaction (HCI), 14 this literature provides a starting point. In this paper, we sought to review experimental studies to systematically identify the task types and variables influencing the effects of interruption on patient safety and task efficiency.
DEFINITIONS AND THEORETICAL FRAMEWORKS
A primary task is defined as the main activity that is interrupted ( figure 1 ). An interruption is a secondary activity that requires one's attention and stops interaction with the primary task. Interruption effects are typically quantified by examining time costs and errors using measures such as: a. Resumption lag: the time taken to re-orient and restart the primary task after interruption. 15 b. Interruption lag: the time taken between acknowledging a pending interruption and disengaging from the primary task to respond to the interruption measures responsiveness. c. Total time on task: the time taken to complete a primary task (task completion time) less the resumption lag, interruption lag, and interruption task time. d. Task accuracy: measured by error occurrences. A normalized error ratedratio of number of errors to number of opportunities for that errordis used to compare effects across tasks. 6 16 Three frameworks most relevant to understanding interruption effects in healthcare are the following.
1. The activation-based goal memory (AGM) model which has been applied to investigate the disruptiveness in a range of tasks including tactical decision-making, 15 problem-solving, 17 18 and procedural tasks. 6 19 The model's basic premise is that goals have associated activation levels, just like other memory elements in the cognitive system, and cognition is directed by the most active goal retrieved at any given time. The amount of activation associated with a memory item is subject to decay, and this decay process is time-based and gradual. If the cognitive system needs to refocus attention to (or resume) an old goal, then this old goal needs to undergo a priming process to become active again. The priming process is possible through associative links between retrieval cues and the to-be-resumed goal. A retrieval cue can be internal, residing in the cognitive system; a procedural task step can act as a cue for the subsequent step. The execution of task steps in a procedural task can be viewed as a sequence of associative links, each action step acting as a retrieval cue for the next step. On the other hand, a retrieval cue can also be external, residing in the environment; for example, a loud beeping signal in a ticket machine when it returns change can prime the action of collecting the change provided that the relationship between the cue (the beep) and the action (collection of change) is learned. 2. Prospective memory (PM) is the ability to remember to execute an intention in the future, 3 '. interrupting an ongoing task intrinsically creates a prospective memory task: the individual must remember to resume the interrupted task without explicit prompt, a defining characteristic of prospective memory tasks.' (Dodhia and Dismukes, 20 2009, p74).
Multiple resource theory (MRT)
21 is primarily concerned with predicting and explaining multi-tasking performanced that is, performing two tasks concurrently. The basic tenet of MRT is that, when two tasks compete for the same processing resource within any of the four dichotomous task dimensions (stages of processing, codes of processing, modalities, and visual channels), performance is likely to be hampered. The most relevant dimension in the current context is modalities; this dimension indicates that different processing resources are used by the auditory and visual senses. Interruption manifests itself in MRT through the notion of cognitive resource allocation. In a multi-tasking situation when one task consumes all the processing resources leaving no resources for another task, execution of the other task is abandoned. This situation can be interpreted as interruption, as the concurrent task processing is suspended.
METHODS
Four searches of the literature were carried out between June and August 2009 (online appendix A). The first search for review articles in PsycInfo, Ergonomics Abstracts, Compendex, and Inspec from 1989 to 2009 yielded 82 articles, of which two were relevant. 22 23 The only systematic review was retrieved by hand search. 3 A second citation search of these articles 3 17 18 using Scopus and ISI Web of Science identified eight articles. The third search for experimental studies on interruption from psychology and HCI using PsycInfo, Ergonomics Abstracts, Compendex, and Inspec from 2002 onwards identified 63 articles. A fourth manual search of the 'Interruptions in HCI' website found five articles. 24 Two authors (SYWL, FM) reviewed the titles and abstracts, and resolved disagreements by discussion.
Studies that met the following criteria were included: (i) controlled experiments; (ii) examining 'real world', computerbased, or artificial tasks such as games with routine procedures, problem solving, or decision-making components. Theoretical papers on interruption were also included. Studies with (i) highly abstract or micro-scale tasks (for example, interruption to finger-tapping task 25 ), (ii) examining effects of ageing, or (iii) primarily concerned with tool building in engineering 26 27 were excluded. Our analyses focused on primary task characteristics, independent variables, and underpinning theories.
FINDINGS
Among the 79 papers, 63 experimental studies (online appendix B1 and B2) were analyzed. We identified three primary task types (procedural, problem-solving, and decision-making) and 12 independent variables associated with interruption effects (figure 2). Overall, interruption has a negative effect on task completion time, 28 29 resumption lag, 30 work strategy, 31 decision-making process, 32 and error. 33 34 However, interruptions may sometimes result in faster task completion time, 31 but at the expense of increased perceived workload and stress.
Primary task types
Our analysis revealed that clinical tasks can be abstracted into the generic task types of procedural, problem-solving, and decisionmaking. This task classification scheme has long been used in experimental psychology to study human behavior 35 36 and is also supported by studies of human error and interruption. 6 15 16 37 Procedural task performance relies on procedural knowledge obtained through training, and execution is usually automatic rather than requiring conscious calculation. Examples include document editing and web searching, 38 fictional game tasks 6 16 to routine tasks, such as coffee making. 39 In clinical settings, procedural tasks can range from electronic order entry or medication administration to surgical tasks such as laparoscopic cholecystectomy.
Problem-solving tasks usually require active mental processing involving conscious calculations. Examples include crossword puzzles, 40 mathematical problems, 41 and psychological tasks such as the Tower of London task. 17 18 42 Examples of clinical problemsolving tasks can be found in the emergency department, where doctors are routinely confronted with novel situations: their clinical knowledge might not offer them a direct solution, but provides the basis to work out an appropriate solution.
Decision-making tasks involve conscious mental calculation to choose from a set of optionsdfor example, military tactical assessment, 15 stock trading, 43 and project management. 44 Assessment of treatment options for a geriatric patient with cancer is a clinical example. The surgeons involved in the decision-making process need to consider factors such as post-surgery life expectancy and quality, which often involves the patient's and family's preferences. As interruption effects vary by task type, the categorization serves as a useful conceptual tool for researchers to deconstruct potential effects in disparate clinical tasks. For example, interruption to decision-making is associated with different information-processing abilities 32 resulting in more risk-taking behaviors and less sensitivity to options with extra costs. The effectiveness of practice to mitigate disruption also depends on task type. While practice on a procedural task may minimize disruption, it may not work on decision-making.
Experimental variables
Of the 12 variables, we identified six that are most important based on the number of studies (each core variable was examined in six or more studies) and the number of connections between variables (table 1) . The connections between the variables were identified by our interpretation of the links between the studies' findings and/or methodologies. The six core variables have more connections with each other than with the other variables. We report on the six: working memory load, interruption position, similarity, modality, handling strategies, and practice effect.
Working memory load
Interruption at high working memory load is usually associated with decreased primary task performance, 37 60 although learning has been shown to improve efficiency in problem-solving tasks. 61 Effects are dependent on the primary task type, whether an interruption is similar to the primary task (interruption similarity), and where in the primary task the interruption occurs (interruption position). Multi-tasking taxes working memory and is common in hospitals (eg, responding verbally to a question while using an e-prescribing system). Whether task performance is degraded depends on how similar the content of the verbal interruption is to the prescribing task and when the interruption occurs during execution of the prescribing task. In e-prescribing, potentially life-threatening prescribing errors can easily occur if the interruption is while a complex protocol for a cytotoxic medication in cancer therapy is being specified (ie, when working memory load is high).
Interruption similarity
An interruption that is similar to the primary task is more likely to disrupt task performance than a dissimilar interruption, resulting in poorer memory, 50 62 task efficiency, 37 and spatial memory upon task resumption. 63 Interruptions that demand the same cognitive mechanism as the primary task produce interference-inhibiting task performance. The opposite or null effect observed in some studies is explained by disparity in task types and outcome measures. 31 44 49 64 Interruption similarity is important in clinical environments. For example, if a nurse is carrying out a documentation task for patient A and is interrupted to complete the same type of document for patient B, patient A's document may be affected by patient B's information. Such documentation errors could potentially lead to inappropriate investigations or procedures resulting in serious consequences. However, if the nurse is interrupted by a very different task, such as a general request about ward policy, then the chances of the primary task being affected are lower.
According to the AGM model, disruption associated with similarity to the primary task is due to interference between similar goals, resulting in the wrong goal being retrieved. Upon task resumption, an old goal from the primary task needs to be retrieved correctly. However, when an interruption is very similar to the primary task, interference during the retrieval process results in a similar but incorrect goal. Therefore, the likelihood of errors upon task resumption increases with similarity to the primary task. When information is encoded from short-term working memory to long-term working memory, it becomes relatively immune to such effects. 62 Based on the notion of associative cueing in the AGM model, disruptive effects can also be countered by strong memory associations in primary task elements, 50 implying that practice or experience may be key to counter the disruption caused by interruption similarity or interruption in general.
Interruption position
As demands on cognitive resources are more intense during task execution than in between tasks, interruptions occurring during execution have been consistently shown to be more disruptive than those occurring in between.
14 17 19 38 43 52 65 Decreased mental workload at task boundaries is supported by a study that used pupil size to measure workload changes during task performance. 53 As with interruption similarity, the AGM model is useful in predicting the effects of interruption position. 6 17 19 52 Based on this model, mid-task interruptions are associated with more competing goals for the cognitive system to encode at the point of task resumption than those occurring in between tasks. 17 19 52 The model's associative cueing mechanism also suggests that omission errors, such as post-completion error, are more likely to occur immediately after the interruption because of disruption to associative links in procedural tasks. 6 Consistent with effects associated with working memory demand, interruption at positions with high working memory demand are likely to be more disruptive than at low-demand positions. In clinical settings, working memory demand when an e-prescribing system is being used might vary during the prescribing process. 66 Analyses of such tasks using techniques from cognitive engineeringdfor example, GOMS 67 dmight be useful in predicting the impact of interruption at different points in the task based on working memory load.
The effect of interruption position also has implications for interruption-handling strategies. 40 51 The ability to choose where in a primary task to handle an interruption can minimize disruption. For instance, experienced secretaries tend to delay responding to an interruption until they have completed what they set out to do in a primary task. 49 Similarly in clinical settings, a nurse may choose to complete administering medications to patient A before responding to an inquiry from a junior nurse about discharge arrangements for patient B. In this example, errors in administering medication could involve the wrong dosage, route, time, frequency, or the medication itself, potentially leading to an adverse event.
Interruption modality
Interruptions presenting to a different modality from the primary task reduce disruption to task performance 54e58 68 and have consequences for interruption-handling strategies. In healthcare, interruptions often involve a different handling modality. A phone call requires the auditory modality, whereas the electronic ordering of laboratory tests predominantly uses the visual modality. While a doctor may easily deal with a phone call while undertaking a visually oriented primary task, such as x-ray examination, an interruption involving an electronic ordering task could potentially lead to errors in interpreting the x-ray. The effect of interruption modality can be related to interruption similarity, as interruptions that are similar to the primary task are likely to share the same cognitive mechanism and more likely to disrupt task performance than dissimilar interruptions. 63 Based on MRT, cross-modality interruptions produce the least disruption because they utilize non-overlapping cognitive resources.
54e58 68 Ratwani et al 69 went further and contrasted predictions made from MRT and the AGM model, suggesting that the presence of cues about the primary task during interruption can sometimes be more effective in aiding task resumption than cross-modality presentation of the interruption.
Other studies have extended MRT to accommodate the tactile sensory modality 54 55 and combine it with PM to show how tactile cues are better than auditory cues in alleviating memory demands in a monitoring situation. A similar approach has been used to show how tactile cues, as compared with visual cues, changed the nature of a notification detection task from a timebased (resource-intensive) to an event-based (less resourceintensive) monitoring task. 56 57 A time-based PM task requires constant monitoring; for example, a patient trying to remember to take a medication at a certain hour must constantly keep track of the time. In contrast, in an event-based PM task, when setting an alarm to take the medication, the patient makes an association with the event (alarm) that prompts the PM action (medication), and therefore no constant monitoring is required. Time-based and event-based monitoring tasks have different demands on working memory, with a resource-intensive timebased monitoring task requiring more working memory capacity than the less resource-intensive event-based monitoring task.
Practice/experience
Studies on the effect of practice/experience identify two main findings. First, practice on the primary task can free up cognitive resources to better deal with interruptions. 70 Practice can increase the memory associations of primary task elements, which in turn result in better defense against interruptions. 6 50 Based on the notion of associative cueing in the AGM model, the associative links between task steps in a procedural task become strengthened with practice. 6 50 70 The stronger the associative links the more immune they become to the disruptive effects of interruption.
Second, practice with interruption handling mitigates task disruption. 15 41 71 In other words, practice in dealing with interruptions increases efficiency in primary task performance. As discussed above, to combat effectively against interruptions through practice, it is essential to understand the nature of the task being interrupted: practice should be placed on the primary task if it is a procedural task, whereas interruption handling should be practiced for a decision-making task. Practice on the primary task might be particularly relevant to procedural tasks, such as remembering to check the five rights of medication administration (right patient, right dose, right route, right time, and right medication), in which the same procedure is applied across different patients. Practice on interruption handling may be more applicable to primary tasks that involve decisionmaking. For example, a doctor may practice a range of strategies to handle interruptions during a primary care consultation that predominantly involves decision-making tasks. Finally, experience with interruption not only affects interruption handling strategies but also perception of the interruption, which has a direct impact on the affective state of a clinician dealing with the interruption. 49 
Interruption-handling strategies
Having some control over when to deal with interruptions is less disruptive to task performance than having no control. 40 42 51 72 The beneficial effect is not limited to improved task performance, but also extends to better affective states 73 74 and can also be achieved even by having a sense of control rather actual control. 73 Clinicians use different strategies to handle interruptions. Consider a doctor prescribing medications who is interrupted by a phone call. a. Attend to interruption: the doctor may choose to take the call immediately or, with a momentary delay, to rehearse the name of the next medication to be prescribed. This can be effective in reducing interruption disruptiveness. When attending to the interruption, the doctor may either completely switch to the interrupting task (ie, suspend prescribing) or multi-task (ie, prescribe while on the phone). b. Delay interruption: the doctor may choose to switch off the phone and check for a message after finishing the prescribing task.
Having a repertoire of interruption-handling strategies reduces the likelihood of making medication errors in a prescribing task.
DISCUSSION

Understanding interruption effects
We reviewed experimental studies in psychology and HCI to systematically identify a network of 12 variables influencing the effects of interruption on patient safety and task efficiency. Of these, working memory load, interruption position, similarity, modality, handling strategies, and practice effect are the most important based on their centrality to the network of interruption variables and the number of studies identified. The variables and their connections illustrate the complex multidimensional nature of interruption. Based on the profile of interruption effects that we found in the literature, clinical tasks can be distinguished into three broad types: procedural, problemsolving, and decision-making. We have shown that theoretical frameworks such as the AGM model, PM and MRTare useful for explaining some of the important interruption effects in healthcare. The review gives health informatics researchers a useful starting point to examine and understand the effects of interruption. The variables, task types, and theories provide a framework for using appropriate methodologies, including observational studies, controlled experiments, and computational models to identify the situations where interruption is dangerous, 11 and to design work processes and information systems that are resilient to interruption effects.
Dealing with interruptions
Based on our findings, we provide some recommendations to minimize the disruptive effects of interruption in clinical settings. 1. Interruptions at positions with high working memory demands within a task sequence should be minimized or avoided if possible. In clinical settings, it is possible to analyze tasks that are primarily procedural (eg, e-prescribing) by adopting task analysis techniques, such as GOMS, 67 from cognitive engineering. Once task positions of high working memory demands are identified, procedures can be engineered or clinicians trained to avoid interruptions when engaged at those task points. Operationally, this knowledge is of particular importance to IT system designers who should aim to design systems with minimal cognitive load when they are intended for use in busy environments. 2. Use practice on tasks to minimize disruption. Repeated practice is associated with decreased disruption from interruptions, and consequently clinical staff can be trained on tasks that are particularly susceptible to interruption and interrupting tasks. Whether to place practice on the primary task or interruption handling should depend on the task type. If the primary task is highly procedural, then practicing the primary task should help reduce the impact of interruption because of strengthened associative memory of the task. If the primary task is a problem-solving or decision-making task, then practice should be focused on how to handle the interruption. 3. Train clinical staff in interruption-handling strategies.
Improved sense of control over interruptions can lead to better affective states, such as reduced stress level, frustration, and annoyance and improved primary task performance. Clinical staff should be instilled with a sense of control over interruptions by teaching them different interruption-handling strategiesdfor example, immediate attendance to interruption, multi-task, or delayed attendance to interruption. 4. Provide environmental cues to aid recovery from interruptions. Recovery from interruption is enhanced if there are cues in the environment that provide reminders about a previous task and its state. When information systems are designed for use in interruptive environments, user interface features that allow users to rapidly review their current activity state can minimize negative effects from interruption. For example, a prolonged period of inactivity may suggest distraction from using an e-prescribing system, and this can trigger the system to automatically highlight the last action on screen. This highlighting function may serve as an explicit reminder of the previous action performed before the interruption.
Limitations of this review
While a range of methodologies are used to examine interruption effects, 11 the scope of the current review was limited to experimental studies to enable the discovery of causal relationships between the interruption variables. Another limitation is our ability to directly translate its findings to the clinical domain. This is largely due to the inherent nature of experimental studies which are often laboratory based and cannot faithfully replicate the context of naturalistic clinical settings.
In addition, certain constructs in psychology tend to be ambiguous. For example, there is no consensus about how best to operationalize the complexity of primary tasks or interruptions. While some researchers 66 rely on quantitative methods from cognitive engineering, 67 others rely on subjective judgment. 75 Finally, there appear to be inconsistencies in some experimental findings because of disparities in task paradigms and outcome measures. Consequently, it is difficult to generalize a finding across a set of studies using disparate experimental paradigms. This is even more problematic when generalizing to the clinical domain. Decomposing clinical tasks into procedural, problemsolving, and decision-making elements is not clear-cut. Moreover, effects of interruptions in the real world are likely to be influenced by a range of clinical, social, and organizational variables.
For example, the importance and urgency of a primary patient care task in an emergency department may affect whether or not a clinician decides to suspend it or gives it extra focus following an interruption. Despite these difficulties in directly applying experimental findings to the clinical domain, the current review has identified six core variables and three generic task types that provide a map of the interruption landscape.
CONCLUSION
The effects of interruption are best understood as the outcome of a complex set of variables and should not be considered as uniformly predictable or bad. In the context of understanding the effects of interruption on clinical work, and on the use of information technologies in the healthcare system, we have identified three main theories and a set of six core variables that seem most likely to predict outcome. We have also identified three main task types from the experimental studies with different interruption profilesdprocedural, problem-solving, and decision-making tasks. The theories, task types, and variables should help us better identify which clinical tasks and contexts are most susceptible to the effect of interruption, and also assist in the design of information systems and processes that are resilient to interruption.
